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^iStract 

The unamblgulty with vhlch some nuclear reactions may be 
Identified often penults their use as highly sensitive and selective 
analytical tools for the determination of trace element concentra- 
tl-ns In conq>lex materials. In this report examples are given of 
the use of charged par tide- Induced nuclear reactions In attacking 
particular problems In astrophysics and planetary science. These 
problems Include the determination of elemental abundances of boron 
and fluorine in carbonaceous chondritlc meteorites^ the Identifica- 
tion of products of lunar ',»>ilcani8m, and the study of solar wind- 
implanted atoms In lunar materials. This technique will be seen to 
be em important supplement to other methods of elemental and Isotopic 
analysis — especially for cases Involving light elements at very low 
concentrations and where high resolution depth distribution Informa- 
tion Is needed In non-destructive analyses. 
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Introduction 


It sectna particularly appropriate that thl« paper be presented now, 
because it Is almost exactly ten years ago that we began to employ nuclear 
reactions In the analysis o£ extraterrestrial materials. It Is, of course, 
no accident that our initiation of these researches coincided with the 
successful return of samples from the moon by the Apollo II mission. In 
this paper 1 shall review our olow progress during this decade to solve a 
few planetary problems for which these techniques proved to be especially 
applicable. These examples have been selected because they show how lon- 
bcam analysis can be used by Itself as an analytical technique on the original 
samples. However, ore Is not limited to Just such cases, and usually a 
combination of several analytical methods will be required for the solution 
of the problem at hand. 

Much of the material reviewed here has previously been published; 
however, since it has appeared In the Journals of a number of scientific 
fields, this summary may provide a useful Introduction for anyone wlio wishes 
to apply our Ideas elscwtierc. 


2 . 

For those w!io arc interested in stellar phenomena, the abundances of 
the chemical elements and their isotopes provide many clues about the environ- 
ments in which they were created. Knowledge of relative universal abundances 
of the elements comes mainly from two sources; spectroscopic analyses of the 
atomic transition lines from stars and chemical analyses of samples from 
carbonaceous chondritic meteorites. For the most part, terrestrial samples 
have been so fractionated chemically by aeons of geological processing that 
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they are of limited value In determining unlveraal abundances. The 


carbonaceous chondrites are thought to be condensates from the evolving 
solar nebula that have undergone little subsequent modlf Icatlim; thus, they 
are expected to be an accurate representation of the abundances of the non- 
volatile elements at the time of solar system formation. These meteorites 
resemble the solid material expected when a gas cloud of solar composition 
cools to temperatures of ^ 300 °K ■«t low pressures (lo”^ to lO”^ atmo- 
spheres)^). Elements that are gases at these temperatures (C, N, 0, noble 
gases, and perhaps chlorine) are depleted in these ueteorltcs relative to 
the sun, whereas there is usually good agreement between solar photospherlc 
abundances of nongaseous elements and the corresponding meteorltic abun- 
danccs*»3). Caseu in which particular elements are enriched in meteorites 
provide important clues about solar structure. For example, the CKX)-fold 
enrichment of Li is generally regarded as indicating thermonuclear destruc- 
tion of solar Li, either in an early convective period of solar evolution or 
by burning at the base of the surface convection zone during the main sequence 
lifetime of the sun^»^). 

2.1. BORON IN CAkuONACEOUS CHONDRITES 

There are three elements that lie far below the abundance curve 
established by the other elements — Li, Be, and B. Because these elements 
have low Coulomb barriers and very large (p,q) cross sections, they are easily 
destroyed in the central regions of stars. Thus, we think that these elements 

7 

must have been created in non-stellar astrophysical processes: Li was pro- 

duced mainly in the Big Bang; and the others (^Li, ^Be, and ^^^^^B) were made 
by proton and alpha-particle spallation reactions from cosmic rays striking 
material in the interstellar medium. 

The abundances of Li and Be are reasonably well known, but B analyses 
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wore conildered euepoct bocauee of the large dlaagretanent bet%M<oii the aolar 
and meteorltic ahumlarn'ea. (11)0 aluindancea ot Bo obtained froM thoao two 
aourcea agree, making It unlikely that H la bumod In the aun If He la not.) 
Hoaouromont a of boron In the aolar photoaphore'^*^) , the Interatellar modlum**), 
and Vega*) glw valuoa ot b/H ~ lO while l'atnert>n et al.^^) have calou- 
latod a meteorltic value of b/h l.h \ lO”*' baaed on the carbonacooua 
chondrlte analyaoa by Qulfano-Klco and Wanko^^). Ah imiphaaltot'. by ('aroeron 
et al,^^’), a b/m value of U' la much too high to ho Cimitiatlhlo with the 
othervlao attractlvt> thoorloH of galactic conmlc-ray nuc Icoavnthoala of I.l, 

Be, and Thua, It bocamo dealrable tor uh to chock the H roi'toorltlc 

ahiuulanco with a different experimental teclinlque. 

Our ^^B analyaoH aerve aa an example of ht>w a w«’ll-kn(>wn nuc leai reaction 

I I 

cun be uaed In a new context. Il»e H(d,p) B react Imi wan an ohvloua choice 
alncc It haa a large croaa aectlon barn) and an eaallv dl Mt Ingvii ahed 

try 

final proiluct, ‘B msec half life, l!S MeV beta end point energy)'^). 

Never thelcaa, the fact tl)at the B must be detected In the preaence ot a 
million t liiH'a more other material in the aample keepa It trimi being a trivial 
exerclae. Hie detection apparatus la quite almple: a plant Ic ac tnt 1 1 lat or . 

Ita associated electronics, and aixnt' atngle channel analytera and acalera. 
Figure I ahowa the bombardment and count Ing aequence, aa wt'll aa an example 
of the raw and aubtracted data^*'). 1'he meteorltic sample Is Iriadiated In 
pulses 30 msec li*ng wltli :"*.M MeV deutenma t rom the 1>NR-C1T tandem accelerator. 
During the 7r'-raacc perlinl between pulaea, there la a ahort delay alter wlilch 
there are four lb-msec coiintlng periods for thv’ elastic ac ini 1 1 lat ot , wltOh 
is located directly behind the activated sample. In order to dlacrlmlnale 
against lower energy betas lutd ganma rays from other activities, only cminta 
above t> MeV are analysed. l1te concent rat lixt can be calculated tnxn the 




counts in the four counting periods, after correcting for the decay of the 

ir> B 

background (due mainly to N and Li). We have a signal to noise of only 
l/^ for 1 pptn (wt) boron — most of the background coming from the highest 
energy branch of the N produced In the reaction O(djQ) ' N. This reaction 

has a small cross section, but since meteorltlc material Is about 50^ oxygen, 

i6 ir 

the N contribution becomes serious. Fortunately, iLc N lifetime (7.2 sec) 
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Is so different from that of B that we can separate the two decay contribu- 
tions, but a large number of counting cycles (— 5 x 10**) are required to give 
a IS^ standard deviation on samples containing 1 ppm boron. Absolute con- 
centrations were obtained using reference samples of the National Bureau of 
Standards glass SRM 610, for which B has been determined by Isotopic dilution. 

It was Important to establish that the data were not seriously affected 
by contamination. We knew that a source of contamination was present because 
when we re-analyzed a given sample (meteorite or control) after prolonged 
exposure to the atmosphere, the measured boron concentration had Increased, 
sometimes by as much as a factor of 2-3. Even precautions In the storage of 
the samples between Irradiations often failed to prevent this increase. 
Consequently, all reported results are based on the first analyses of freshly 
prepared samples. The source of the contamination Is not certain; however. 

It Is clearly airborne and limits on the size of the contaminating particles 

10 7 

have been set using nuclear track counting for the reaction B(n,a) LI 

0 

(ref. ^®)). These data Indicated an upper limit of S 10 atoms of boron 
per contaminant particle. The most likely form of such small contaminant 
particles is aerosol droplets, e.g., sub-micron H,B0_ solutions, presumably 
originating from sea spray. An observed correlation between high boron 
results for control (as well as meteorite) samples and certain local weather 
patterns suggests a second possible source of contamination. Extensive 
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borat* drpoalta are located in the iicarby deserta, and it la likely that fine 
duat particlea from theae depoaita are blovn into our area by the occaaional 
atrong wlnda from that direction. 

A maaber of teata performed indicated that negligible boron contmnination 
was acquired during the normal expoaure and atorage of freahly prepared 
samples prior to analysis. They also show that meteorite samples did not 
acquire boron contamination more rapidly than the control samples. However, 
these results did not preclude the possibility that "inatantaneous" contamina- 
tion occurred when the meteorite surface, was first exposed to the atmosphere. 

To investigate this possibility, several slices from the Murchison meteorite 
were analysed. Follotalng the initial analyses, fresh surfaces were scraped 
on the samples without breaking the vacuum, and the samples were then re- 
analyzed. This procedure was repeated several times, yielding the results 
shown in fig. 2. Although one sample (#3) was seriouily contaminated 
initially, the boron concentrations found after several scrapings were well 
within the normal range of concentrations found for this meteorite. Our 
results for six meteorites are shiwn in fig. 3. 

The final column in table 1 gives gives the relative atomic b/h ratio 

calculated in the standard way, using Si as an intermediate normalization: 

(b/h) a ^®/^^^met where we have used Si contents for individual 

meteorites or average Si contents for the various meteorite subgroups. The 

value of (SI/h) =» U.5 X 10 ^ that we used was taken from ref. 3. Our 

results clearly indicate a b/h ratio of 2 ± 1 x 10*^, which is in disagreement 

•8 — lO 

with the values of lo” proposed in ref. 10 and the lo” upper limit for the 
solar photosphere obtained in ref. G. (The uncertainty indicated for our re- 
sult arises because of the variation in b/s 1 for the various meteorites; the 
precision for an individual meteorite is much better.) Our result is, however, 
in reasonable agrc(*mcnt with the recent solar value of Kohl et al. or 

X 10“^® (ref. ”^)). (it is worthy of note that the high B concentrations 


obtained In ref. 11 may have been due to the location of the laboratory in 
the neighborhood of a glasa factory that producea high boron glaas^^).) 

2 , 2 , FLUORINE IN CAKBtXiACBOUU CHONDRITES 

Aa diacuaaed in the preceding aection, carbonaceoua chondritlc meteor- 

\ 

itea are believed to cloaely resemble the average aolar ayatem element 
concentration. Previous work has given a large range of fluorine concentra- 
tions in meteoritcB^^^^) and all values were high wlien compared to solar or 
cosmic ray abundance data (see, for example, Teegarden et al .^^). 

Thus, it was important to repeat the fluu''inc analyses with a different 

technique; In this case, the ^^F(p,Q7)^^0 reaction at the resonance at 

E • 872 keV was a logical choice because of its large cross sectli>n and 
P 

'd^^quate depth resolution^). The high yield made it possible to detect 
fluorine unambiguously at low concentrations; knowledge of the distribution 
of fluorine versus depth allowed any surface contamination present to be 
separated from the bulk fluorine concentration. With reasonable care, we 
were able to eliminate contamination in the sample preparatiun and handling, 
and all samples showed a flat distribution of fluorine with depth and no 
surface peaks^^). 

One must remember that meteorites are not homogeneous in their struc- 
ture or composition; thus, care must be taken to insure that local differences 
in concentration are averaged out. IVo types of sample were used; chipped 
or sawed solid slices; and crushed and homogenized (< 75 ^an grain size) 
samples that were pressed into pellets. Tlic results of these measurements 
are given in table 2 , The Interconsistency of the Murchison solid slices 
is clearly demonstrated. From the homogenized samples we obtain for f/ lu Si 
atoms the values: Cl, 1009; CP, 755; and C3, 559. These results indicate 

a lower solar system abundance for fluorine than found previously^f'"^®) , 
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«nd the value we obtain la In good agreement with the eolar photoapheric 
P abundance. 

s. 

since 1969 our group haa alao exploited the uac of nuclear technlquea 
to Inveatlgate a aerlea of problema arlalng In the an.tlyala of returned lunar 
•amplea. The overall goal of thla reaearch la to underatand and to sort out 
the relative Importance of the varloua mechanlama which Influence the chemical 
and phyalcal propertlea of the outer few mlcrona of the lunar aurface, via., 
aolar particle implantation and aubaequent redistribution, sputtering and 
micromoteorlte erosion, and deposition from the lunar atmosphere either as 
atomic vapers or as low energy Ions formed by Ionization of atmospheric 
constituents by sclar electrons or photons. 

The outer micron represents a negligible portion of the mass of the moon. 
The Justification for research on such an Insignificant fraction is that the 
outer mlc*'<?n Is the Interface between the moon and the rest of the solar 
system. Unique processes, such as solar wind implantation and erosion, have 
affected this layer and have produced unique materials as far as terrestrial 
experience Is concerned. The lure that has drawn many of us Into the analysis 
of lunar samples is that the record of over three billion years of solar and 
solar system history is held in them. We have the hope that with sufficient 
cl* /emess we can decipher that recording. 


3.1. SOLAR WIND HYDROGEN IN LUNAR SAMPLES 

1 19 16 

By using the resonant nuclear reaction H( F,Q 7 ) 0 (at the E = 

P 

672 keV resonance) we have been able to measure the depth profile for hydrogen 


7 


In the aurfecea of lunar aamplea^^*^^). Figure U ahova a typical reault for 
a aurface chip from an Apollo 1C rock^''). Although implantation of aolar 
wind hydrogen la the moat likely original aource, the obaerved profile ex- 
tenda to a algnlf Icantly greater depth than would be expected from the direct 
Implantation of 1 keV aolar wind protona. Thla la in agreement with con- 
clualona baaed on chemical etching experlmcnta for Implanted noble gaaca^'^'^). 
If solar wind la the source of this hydrogen component, extensive modifica- 
tion by diffusion and trapping of hydrogen atoms la implied. If diffusion 
rates for hydrogen In terrestrial slllcates^^) are applicable to the lunar 
samples, It appears that bulk volume diffusion would be too rapid to result 
In the observed profiles without some sort of trapping to slow down the 
diffusion process^^). A model In wlilch solar wind hydrogen diffuses rapidly 
Into (and out of) the samples with a small remnant of the Implanted dose being 
retained in radiation damage traps seems plausible. The radiation damage Is 
evidently so heavy In the outer 500 k that few Isolated traps remaln^^'). At 
greater depths Intense radiation danage (but below satLratl.m) may persist 

O 

to a depth of — 2000 A, correspond l.ig closely with the radiation damage range 
of He ions with velocities near those of frequent high velocity (up to 
000 knv^sec) solar wind streams observed In satellite experlm-nts®^) . The 
population of Isolated radiation damage traps by diffusing solar wind atoms 
may thus result in a depth profile that reflects the distribution of radla- 
tion damage. A diacontinuity in the radiation damage gradient near 2000 A 
may account for the characteristic bend observed in the measured hydrogen 

9 

profiles, with the tail of the hydrogen distribution below 2000 A representing 
diffusion into a region in wtileh the radiation damage (due to solar flare 
and suprathcrmal ions) is much less intense. 
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In practice It haa proved la^oaiibla to extract any detailed infonaation 
about aolar wind proceaaes from the hydrogen profile! observed; however, there 
is an excellent correlation bet%wen the observation of a profile like that 
in fig. U and a long lunar surface exposure of that face of the sample. Con- 
versely, sanples that show little innlanted (or trapped) hydrogen also have 
short exposure ages (as confirmed, for example, by the density of micro- 
meteorite pits in their surfaces). 

3.2. FLUORINE LAYERS ON LUNAR SAMPLES 

The success of the meteorite work convinced us that we could apply the 

F analysis to other planetary problems. The most obvious application involved 

a controversy about the moon's history; in addition to the obvious effects of 

19 

meteorite impact, was there any clear-cut evidence of lunar vulcanismf? F 

is virtual!, non-existent in the solar wind, and the bulk concentration of 
19 

F in lunar rocks is quite low (a few hundred ppm). Since halogens are 

frequently a component of terrestrial volcanic gases, the presence of fluorine 

surface films on lunar samples might represent on indication of the surface 

deposition of volcanic vapor. 

19 16 

Using the F(p,cr 7 ) 0 reaction at the E^ ■ 87? keV resonance we have 
found F surface deposits on Apollo 15 green glass, Apollo 17 orange glass, and 
on vesicle (bubble) linings from Apollo 15 basalts. Surface layers of about 
10 F atoms/cm were seen on unbroken spheroidal (>^0.1 nm\ diameter) surfaces 
of the green and orange glasses, wherers thinner (— IC^^F atoros/cm^) deposits 
were found on vesicle linings^^). Figures 5 and 6 show examples taken from 
runs on grr>en glass spheres as well as on the lining from a vesicle from an 
Apollo 15 rock. \t can be conclusively shown that the F deposits are lunar 
and not due to fluorocarbon contamination^^), because brown glass fragments 
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from the aame collected sample do not show a F surface peak, and wtien the 
beam is off the vesicle surface the rock does not show a surface F peak. 

The presence of vesicles and vugs (bubbles that break through the 
surface) in lunar rocks demonstrates the existence of lunar magmutic vapors. 

In fact, some of the mate basalts (c.g., 15016 and 15556) are about 50^' 
vesicles. It Is also quite likely that the Apollo 15 green and Apollo 17 
orange glasses were produced by the eruption of such gas-rich lunar magmas^^') . 
Nothing similar to the green >r orange glasa occurs on the earth, probably 
because the absence of water and an atmosphere makes a lunar vulcanism 
ditferent from on earth. One conjecture about the mechanism is a lava 
fountain that sprayed molten glass and vapor into the vacuum; as the small 
glass spheres solidified and fell back through the vapor cloud theu were 
coated with the observed volatile chloride, fluoride and sulfide layers^'’). 
Ebeposure to hot water does not remove the F deposits on the green or orange 
glasses, which rules out many simple fluoride salts as the chemical form for 
the surface films. Direct F fixation in the glass is possible, cither by 
the action of lunar HF vapor or by hydrolysis of a reactive fluoride layer 
upon exposure to the terrestrial atmosphere'^'*) . Theoc small green and orange 
glass balls are probably the most unusual material that was returned from 
the moon, and wn shall be involved in attempts to understand its specific 
origin for a long time. 

3.3. SOURCES OF LUNAR CARBON 

In our concern with lunar vulcanism and the magmas that resulted from 
the large impact craters, it was Important to Identify the gases that produced 
the veslculation in lunar rocks. By the process of elimination, we became 
convinced that the major contribution came from carbon monoxide (CO)^"*), wtilch 
led to the problem of understanding the abundance of lunar carbon. The basic 
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difficulty li chat we do not undarataitd why tharo la ao llttla carbon on 
the moon; chert Chrtt auurcea (tha aolar wind, Impact of carbonaceoua 
chondrlClc awtaorltaa. and Indiganoua), aach of which could eaally have 
auppllad aa oaich carbon aa la thara now. Thua, we needed to Inveatlgate the 
varloua aourcea and loaa mechanlama for lunar carbon. 

Via required a technique that not only haa high aenaltlvlty but which alao 
haa aufflclent depth reaolutlon to aeparate aurface carbon (implanted aolar 

wind or volcanic vapor depualta) from carbon In the bulk (indigenoua or re- 
dlatrlbuCed aurface carbon). After aeveral falae atarta, wc found that the 

10 IT 

‘^ C(d,p) C reaction offered the beat overall characterlatlca^*^) . 

Figure 7 glvea a achematlc deacrlption of the technlquc^^) . The proton 

apoctrian la observed; protons that originate near the surface have hitcher 

energies chan those f r jm greater depths due to the energy loss of the incident 

deutcrons and the protons. Vilth this technique surface carbon layers of 
13 2 

about 10*' atoms/ ctn^ and volume concentrations of leas than 10 ppm (wt) can 

be observed; the depth resolution la — 1000 A (ref. ^®)). 

A serious contamination problem arose inmedlately; even Interior samples 

from lunar rocks exhibited surface carbon layers of lO^'* atoms/cm''. "nils 

was eventually traced to the adsorption ol CO it on Che sample surfaces. 

This occurred even for samples chat had been handled exclusively in clean 

And transferred without atmospheric exposure Into our vacuum system 

(~ 10~^^ torr). After several failures, wc found that the adsorbed CO or 

CO 2 could be removed without disturbing the implanted carbon under low 

19 

intensity bombardment with a 2 MeV F Ion beam. Figure 8 shows the result 
of a control test for a radiation damaged quartz sample. This "sputter" 
cleaning process works well for both silicate and metallic surfaces; it is 
very likely that it involves enhanced desorption rather than sputtering, but 
we do not yet vinderstand the mechanism in detail. The removal of carbon 
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proceeds at a rate that Is several orders of magnitude greater than that of 
ordinary sputtering. 

Recently wc have applied the cleaning and analysis techniques In the 
study of lunar breccias**), which arc materials fonwJ from fine soil particles 
welded together by molten glass from meteorltlc Impacts. Figure 9 shows a 
typical proton spectrum from a breccia sample with the contributions from the 
carbon and other elements that affect the line shape. Because the samples 
are quite rough at the microscopic level, the spectrian shape Is somewhat 
different from that of a smooth target. Figure 10 shows a typical decompoal- 
tlon of a spectrum (using the standard line shapes from control samples) Into 
"surface" and volume components. 

Some of the systematic features of the lamples are beginning to appear; 
fig. 11 shows the surface concentration versus volume concentration for a 
number of lunar breccias. The surface exposure (probab>'^ .'"om Implanted 
solar wind carbon) Is relatively constant, but the V''* 4oe cooiponent Is 
highly variable. What this probably means is ^hat solar wind (and perhaps 
meteorltlc carbon) are gradually converted Into volume carbon as the soil 
matures, the approximately constant surface density representing an equi- 
librium that Is quickly established (<«. lo^ years). Thus, wc have made a 
start on the problem, but now must find a way to separate the surface 
contributions from meteorites and solar wind. In addition. It would be 
helpful to find a way to estimate the fraction of carbon that Is retained 
on the lunar surface after a meteorite Impact. 
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For the example* presented here, two charocterlstic* of nuclear reaction* 
have proved to be especially Important. The first Is selectivity, the ability 
to observe a given reaction even though the target nucleus Is only a minor 
conskltuept In a complex material, This selectivity may arise because of a 
large nuclear reaction cross section and/or an easily Identified final p’-oduct. 
This selectivity Is essentlcl because you ha/c virtually no control over the 
composition of the sample being analysed; one must take what Nature provides. 

Ttie second characteristic Is the depth dependence of some nuclear reac- 
tions. This ability to separate contributions to the yield from the sample 
surfa'*e and the Interior permits the Identification of contaminants that have 
been Introduced In either collection or handling. The depth profile has also 
been shown to provide Information that Is necessary for the separation of 
contributions from different geological processes, each of which may affect 
the surface and bulk concentrations In different ways. 

5*. -^Aclsnoviedgoscts 

This work summarized in this paper Is based on a decade of escarch In 
our laboratory that has Involved the efforts of colleagues, visitors, and 
students. I want to draw special attention to the association with 
D. S. Burnett, who has been an equal partner In all the research projects 
described. The fact that virtually all the reseorch was related to thesis 
projects has contribu od enormously to Its continued vitality; these students 
were D. A. Lclch, ll. H. Goldberg, M. K. Weller and M. Furst. In addition, 
the hard-won success In the carbon analyses is due In large part to the 
efforts of several visitors: R. Ollerhead, C. Filleux, and R. Spear. 
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TABLE 1 


Average B concentrations In carbonaceous chondrites 


Meteorite 

Type 

Samples 

Analysed 

Average B 
(ppm, wt) 

Atomic 

b/si 

(10-6) 

Ivuna 

Cl 

1 

3.0 

77 

Orgueil 


1 

1.6 

Uo 

Murray 

CP 

6 

l.U 

29 

Murchison 


IP 

1.7 

3b 

Allende 

C3-U 

9 

1.8 

23 

Lance 


2 

1.5 

19 


17 




18 


carbonaceous chondrite T)rpe II; ^carbonaceous chondrlte Type III 




12 

Fig. I. a) The counting cycle for the B pulsed beam activation measure- 
ment. The delays betveen 0-7 and 50-US msec are to Insure that 
the beam Is totally deflected. The Y values indicate the number 
of counts in the four successive counting Intervals after beam 

deflection. The decrease from to Y^ schematically Indicates 
12 

the B decay. 

b) An example of an uncorrected decay curve for a meteorite 
(ivuna) sample. Decay time is measured after the start of 
interval Y^ (fig* Is). 

c) A background corrected decay curve of the data from fig. lb. 

lo 

The corrected activity follows the 20 msec decay of ‘'B. 

Fig. 2. This figure shows the results of vacuian-scraping tests on three 
samples from the Murchison meteorite. The data from Sample #1 
indicate no contamination. Although Sample #3 showed consider- 
able surface contamination Initially (the boron concentration 
before scraping was 7 ppm), the relatively constant ultimate 
values are within the range of concentrations found for other 
samples of this meteorite. Ihe concentrations shown for 
S.unple #2 are 10-20^ below the actual values, because these 
runs had a slightly higher threshold on the beta detector. 

Fig. 3. Measured boron concentration in different pieces of six carbona- 
ceous chondrites. X's indicate measurements of homogenized 
aliquots of a single specimen. Errors for these samples are 
approximately the sane as the errors for other samples having 
an equivalent B concentration. Reproducibility between aliquots 
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Fig. U 


Fig. 5 


Fig. 6 


Fig. 7 


Fig. 8 


is good. The relatively small spread between different specimens 
of the same meteorite indicates that our results are not signi- 
ficantly influenced by sampling errors. 

. Hydrogen concentration versus depth for two Apollo IG samples; 
breccia chip 68815,27 and glass spherule C812U,3. The apparently 
non-zero H content at negative depth (i.e., in vacuum) is due to 
the finite resolution 200 A) of the measurement technique. 
68815,27 and 68124,3 arc sealed rock box samples and were not 
exposed to the atmosphere. 

. Fluorine depth profiles for Apollo 15 samples from 15427,39. The 
circles are plotted on half scale so that the Interior fluorine 
in the "brown fragments" (about 60 ppm) is more easily seen. 

. Fluorine depth profiles for a vesicle and a nearby intcrvcslcular 
arcs of 15016,176 (Apollo 15). The vesicle profile shows a surface 
enhancement of fluorine while the intervesicular area does not. 

. A schematic drawing of the energy dependence of detected protons 
at a lab angle of 160° for the reaction ^‘^C(d,p^) The proton 

energy is shown to depend on deuteron energy loss, proton energy 
loss, and kinematic factors. Protons emitted from the surface 
have the highest energy, whereas protons emitted from depth tix 
have lower energies as given by the equation (d^dx <0). 

. Upper: A proton pulse height spectrum for quartz glass showing a 

contamination carbon surface peak corresponding to CO or CO^. 

1 P o 

Lower: llie same sample after "sputter-cleaning" with ~ lO^'Ycm*" 

of 2 MeV F ions (E^ = 1.07 MeV). 


20 


Fig. 9. The raw proton apectrua obtained for Apollo 11 sample 10060. 

The smooth curves shown are the proton spectra obtained for 

20 

pure targets of Mg, A1 and SI that have been normalized 
to features characteristic of these nuclides In the spectrum 

IP 

for 100G6. The remaining counts are from the C In the 
sample. (Ep - 1,07 MeV.) 

Fig. 10. The points shown correspond to the background-corrected (see 
fig. 9) proton spectnan from carbon for Apollo 11 sample 
10066,23. The two cross-hatched regions show how this spectrum 
has been decomposed Into surface and uniform volume components, 
each of srhlch has the distorted shape that Is a consequence of 
surface roughness. The solid curve through the data Is the sian 
of the two contributions and has ■ 1.7. 

Fig. 11. The measured surface and volume concentrations for carbon for 
each sample are compared. It Is clear that there Is no strong 
correlation between surface concentration and volimie concentra- 
tion for these samples. (Sample numbers beginning with 10 are 
from Apollo 11, with 15 from Apollo 15, with 6 from Apollo 1C, 
and with 7 from Apollo 17.) 
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